4
("Particle Replication In Non-wetting Templates") particles with AR ~3 (150 × 450 nm) are internalized more efficiently and to a higher extent than spherical particles (200 nm). 18 The different effects on cellular uptake observed in these studies is, in addition to the particle AR, likely due to the various cellular endocytic pathways operating in response to the different composition of the particles. This highlights the complex interplay between particle shape and other physicochemical properties in governing cellular interactions.
Nanoengineered polymer capsules prepared by the layer-by-layer (LbL) technique are prominent candidates for drug delivery. 19 The versatility of LbL assembly allows the preparation of hollow polymer capsules of different shapes by templating various particles, including organic or inorganic spheres, 19, 20 carbon or nickel nanotubes, 21, 22 glass or electrospun polymer fibers, 23, 24 bacteria, 25 red blood cells, 26 enzyme crystals, 27 or liquid crystal emulsions. 28 Despite of adaptability of LbL assembly, to our knowledge, there are no reports on the preparation of LbL polymer capsules with tunable ARs.
Poly(methacrylic acid) hydrogel capsules (PMA HCs) generated through LbL assembly and stabilized with disulfide linkages have shown to possess high colloidal stability, efficient cargo encapsulation, triggered drug release, 29 and cancer cell targeting, 30 offering significant potential in advanced drug delivery. Recent progress has been made toward understanding the complex cellular interactions of spherical PMA HCs. It has been shown that such capsules can be readily internalized by a range of cells, including epithelial cells, 31 dendritic cells, 32 and monocytes. 32 Exofacial thiols on the cell membrane have been suggested to mediate their cellular interaction and cargo release. 33 Currently there are no reports on the preparation and cellular interactions of nonspherical PMA HCs. Given the increasingly recognized role of shape on cellular interaction 5 and cellular dynamics, understanding the cellular behavior of PMA HCs with engineered AR is of particular importance for further development and optimization of these systems.
Herein, we report the first study on the fabrication of PMA HCs with different ARs. A series of silica particles with various ARs (from AR1 to AR4, see Table 1 ) were used as templates for
LbL assembly. We demonstrate that the ultrathin hollow PMA HCs generated via LbL assembly retain similar ARs to their templates. Further, we investigate the influence of AR of the PMA HCs on cellular internalization dynamics and intracellular fate. It is shown that an increase in AR decreases the internalization efficiency of the capsules, but regardless of shape, the internalized PMA HCs are located in lysosomes. Given the versatility of LbL assembly, this study demonstrates the feasibility of using the LbL technique to generate a spectrum of polymer systems with controlled shape and provides insights into the influence of PMA HC shape on biological interactions.
RESULTS AND DISCUSSION
The size and shape of a series of PMA HCs were examined by TEM ( Figure 1 ). The capsules retained the original shape of the templates, and had similar ARs to the template silica particles;
however, the dimensions were approximately two times larger than the templates (see Figure   S1 ). This is likely due to the hydrogel nature of the capsules, which causes them to swell in aqueous conditions, leading to larger sizes. 34 The capsule morphology, examined by AFM (Figure 2 ), shows the capsules exhibit granular surfaces without folding. Measurement of the capsule height along the short and long axes by AFM for eight-layer PMA HCs showed relatively homogeneous profiles with an average thickness of 24 ± 3 nm, corresponding to 3 nm 6 per layer ( Figure S2 ), which is consistent with the thickness of PMA layers in thin films measured by dual polarization interferometry. 35 Next, we sought to investigate the role of capsule geometry on cellular uptake. HeLa cells were incubated with AF633-labeled PMA capsules at a capsule-to-cell ratio of 100:1, and the cellular association was evaluated by flow cytometry as a function of time. The cellular interaction of the capsules was a time-dependent process for all of the capsules studied, regardless of their geometry (Figure 3a) . Importantly, the percentage of cells associated with AR1 capsules (~300 nm in diameter) was significantly greater than that observed for the higher aspect ratio (AR2, AR3, and AR4) capsules. This preferential cellular association with spherical capsules is more apparent after the first 6 h of incubation with cells. Consistent with this observation, the efficiency of cellular association with AR4 capsules was lower than AR2 and AR3 capsules for all of the time intervals examined (Figure 3a ). For instance, after 24 h incubation, over 90% of cells were associated with the spherical capsules, around 60% of cells associated with AR2 and AR3 capsules, and about 40% of cells associated with AR4 capsules.
As increasing the AR of the capsules will also increase the apparent capsule size, this differential cellular association for this series of capsules could also result from the change in volume.
To clarify the influence of size, we evaluated the cellular association of two additional spherical capsules, with diameters of 585 nm and 1100 nm (Figure 3b ). The 585 nm-diameter capsules have a similar internal volume to the AR3 capsules, whereas the 1100 nm-diameter capsules possess a larger internal volume than the AR4 capsules, but a similar diameter to the long axis of the AR4 capsules. It was observed that about 55% of cells associated with spherical 585 nm-diameter capsules after 6 h incubation, whereas about 35% of cells associated with AR3
rod-shaped capsules after the same time (Figure 3bi) . A higher cellular association of spherical 7 585 nm-diameter capsules compared with AR3 capsules was also observed after 24 h ( Figure   3bi ). Moreover, spherical 1100 nm-diameter capsules also demonstrated significantly enhanced cellular association compared with AR4 capsules over the 24 h incubation period, even though the spherical capsules have a greater volume than the rod-shaped capsules (Figure 3bii) . At 24 h, the spherical 1100 nm-diameter capsules showed almost a two-fold greater cellular association than the AR4 capsules ( Figure 3bii ). Taken together, these data demonstrate that the cellular association is strongly dependent on PMA HC size and shape, with an increase in AR resulting in a decrease in cellular association. The dominant effect arising from AR (compared with the internal volume) on cellular association observed in this study, particularly for the AR4 and 1100
nm-diameter AR1 capsules, is in good agreement with a study on shape-switching poly(lactideco-glycolide) particles, 36 suggesting that AR1 capsules have a higher probability of uptake in comparison to rod-shaped capsules.
Quantitative analysis of internalization of PMA HCs with various ARs was undertaken by using imaging flow cytometry, which captures bright-field and fluorescence images of cells simultaneously, allowing statistical and quantitative analysis of internalization on a large number of cells. HeLa cells were incubated with AF633-labeled PMA HCs with varying ARs for 6 h at 37 °C (5% CO 2 ) at a capsule-to-cell ratio of 100:1, trypsinized, and subsequently analyzed.
Based on the spatial relationship between fluorescent capsules and bright-field images of cells, the internalization is measured using the built-in internalization function in the IDEAS software.
A positive internalization factor correlates to cells with internalized capsules, whereas a negative factor corresponds to cells with surface-bound capsules. Hence, the higher percentage of cells with a positive internalization factor indicates a higher internalization probability for the cells associated with capsules. As shown in Figure 4 , the percentage of cells with positive 8 internalization factors decreases with an increase in the capsule AR, from 91.1% for AR1 (300) capsules to 76.7% for AR4 capsules. This trend suggests that the capsules with higher ARs have a higher tendency of binding to the cell surface, rather than being internalized. To confirm that the internalization is independent of cellular association but dependent on capsule shape, we examined the cellular internalization of AR1(585) and AR1(1100) capsules. Despite these two
capsules showing different cellular association after 6 h incubation with cells (55% cells for AR1(585) and 20% cells for AR1(1100), respectively, Figure 3 ), the internalization probability for the cells associated with capsules was very similar, as the percentage of cells with positive internalization factors was 88.1% for AR1(585) and 87.1% for AR1(1100), respectively ( Figure   S3 ). Taken together, the internalization analysis using imaging flow demonstrates a decrease in internalization probability with an increase in capsule AR, suggesting a slower uptake for rodshaped capsules compared with spherical capsules. This is consistent with the findings of other studies that an increase in AR leads to an extended membrane wrapping time during cellular internalization. 37 The enhanced cell membrane retention of the AR4 capsules was also observed using fluorescence deconvolution microscopy. After treatment with the PMA HCs capsules (AR1 to AR4) for 6 h, the cell membrane was stained with AF488-WGA. Fluorescence deconvolution microscopy images showed that a proportion of AR4 capsules was bound on the cell membrane even after extensive washing with PBS ( Figure S4d ). In contrast, spherical capsules were effectively internalized, with a negligible number bound to the cell membrane ( Figure S4a ), which is consistent with previous reports on the internalization of PMA HCs. 38 To further investigate the influence of capsule shape on cell internalization, we acquired time lapse live cell images of cellular uptake of the capsules. HeLa cells were pulsed with AF633-labeled PMA HCs with varying ARs for 30 min at 37 °C (5% CO 2 ) at a capsule-to-cell ratio of 100:1 to allow the capsule-cell membrane interactions. Next, the cell membrane was stained with AF488-WGA and the internalization of individual capsules was recorded by time lapse imaging with 1 min intervals. We chose spherical 585 nm-diameter and AR3 PMA HCs, as those two capsules have a similar volume and are efficiently internalized (based on the flow cytometry analysis). AR3 capsules exhibited a prolonged retention on the cell surface, and were internalized after 8 min (Figure 5a ), while AR1(585) capsules demonstrated faster internalization, i.e., the capsules were internalized into cells after 2 min from the moment of engagement with the cell membrane ( Figure 5b ). The different internalization efficiency between spherical and AR3 capsules was observed in at least three independent time lapse live cell experiments (an additional example is shown in Figure S5 ). Several recent studies have reported that high AR particles show less efficient uptake than their spherical counterparts, which is attributed to the larger average radius of non-spherical particles experienced by cells during endocytosis. 16, 38 Our data on the PMA HCs with various aspect ratios showed a negative correlation between internalization rate and aspect ratio, given their identical surface chemistry.
The intracellular distribution of internalized capsules was further investigated by deconvolution fluorescence microscopy. Cells were incubated with AF633-labeled capsules at a capsule-to-cell ratio of 100:1 for 24 h. Following the treatment, the lysosomes in HeLa cells were identified by immunostaining with an anti-lysosome-associated membrane protein 1 (anti-LAMP1) antibody. As the lysosomes were stained green and the capsules were labeled red, the yellow staining indicates colocalization between lysosomes and capsules. As shown in Figure 6 , the majority of internalized capsules are associated with LAMP1 positive compartments, suggesting that they are accumulated in lysosomes regardless of the ARs. It is notable that the AR4 capsules lost their original elongated shape when internalized (Figure 6d ), which is consistent with previous reports on the deformation of polyelectrolyte capsules that occurs as a result of cell internalization. 38, 39 The persistent lysosomal accumulation for the capsules with various ARs suggests that AR does not influence the intracellular fate of PMA HCs, but significantly impacts their internalization kinetics. 
CONCLUSIONS

Preparation of Silica Rods:
Silica rods were prepared according to the protocol reported by Kuijk et al. 40 Briefly, 3 g of PVPON (M w 40 kDa) was dissolved in 30 mL of 1-pentanol overnight in a 50 mL plastic tube. 3.0 mL of absolute ethanol, 0.8 mL of Milli Q water, 0.2 mL of sodium citrate dihydrate solution (0.2 M in water), and 0.7 mL of ammonia (25 wt%) were then separately added to the mixture. The tube was hand shaken for 2 min to mix the contents, and 0.3 mL of TEOS was then added to the mixture. After shaking again for 2 min, the tube was kept static and the reaction was allowed to proceed at ambient temperature for different time 12 intervals. Rods with an AR of 2, 3 and 4 were prepared by using a reaction time of 1, 1.5, 3.5, and 12 h, respectively. To purify the rods produced, the reaction mixture was centrifuged at 3000 g for 30 min. The pellet was separately washed twice with ethanol, twice with water, and finally dispersed in ethanol. To improve monodispersity, the rods were further purified through multistep gravity sedimentation. In this process, the rods were suspended in ethanol with a concentration of ~0.5 wt% in a 50 mL centrifugation tube. After standing the tube vertical for different lengths of time, the middle part of the suspension in the tube was collected. The time used depends on the length of the rods. For example, to purify the 2 µm-long rods, the suspension was kept static for ~4 h, while for the shortest rods, the suspension was kept static overnight before collecting the rods.
Preparation of Thiolated PMA (PMA SH ): Poly(methacrylic acid) was modified with 9%
thiol groups by using pyridine dithioethylamine hydrochloride (PDA-HCl) via carbodiimide coupling, as described elsewhere.
41
Assembly of Rod-Like PMA HCs: PMA HCs with AR1 were templated from commercially available spherical silica particles with a diameter of 296 nm, as described previously. 41 Rod-like PMA HCs were prepared with a similar protocol; however, a few variations were incorporated. In particular, a suspension of the SiO 2 particles (5 wt%) was rinsed and redispersed in NaOAc buffer (50 mM, pH 4) using vortexing and sonication (1 min Capsules were obtained by dissolving the silica templates using 5 M hydrofluoric acid (HF) for 2 min, followed by at least four washing/redispersion cycles (4500 g, 5min, vortexing only) with NaOAc buffer (50 mM, pH 4). (Caution! Hydrofluoric acid is highly toxic and great care must be taken when handling it!).
Capsule counting was performed using a CyFlow Space (Partec GmbH) flow cytometer using lasers with excitation wavelengths of 488 nm and 633 nm. The counting procedure is described elsewhere. 31 Briefly, a small aliquot of AF633-fluorescently labeled PMA HCs dispersed in PBS was mixed with a similar volume of AF488-fluorescently labeled PVPON in NaOAc buffer (100 mM, pH 4, 1 g L -1 ), which was synthesized by reversible additionfragmentation chain transfer (RAFT) polymerization and one of the end-groups was modified to contain AF488. 30 The capsule dispersion was left for 5 min to allow for AF488-labeled PVPON to adsorb on the surface of the capsules, and then 1 µL of the dispersion was diluted in NaOAc buffer (20 mM, pH 4) for flow cytometry analysis. The flow cytometer triggered on AF488 14 fluorescence, counting the number of capsules in the known volume. The initial capsule concentration was back calculated based on the known dilution.
Cell Cultures: HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM) media (Gibco) with the addition of 2 mM L-glutamine and 10% fetal bovine serum at 37 °C in a 5% CO 2 humidified atmosphere and subcultured prior to confluence using trypsin. to 4 at a capsule-to-cell ratio of 100:1 for 30 min (37 °C, 5% CO 2 ) individually. AF488-WGA (5 µg mL -1 ) was added for 7 min (37 °C, 5% CO 2 ) to stain the cell membrane. Subsequently, the media was removed and replaced by fresh CO 2 -independent media (Gibco) with the addition of 10% GlutaMax and 10% fetal bovine serum. Time lapse fluorescence images and optical sections were collected using fluorescence deconvolution microscopy for 1 h. The acquired movies were processed with Imaris 6.3.1 software (Bitplane).
Cellular Association
Methods: TEM images were taken using a Philips CM120 BioTWIN electron microscope operated at 120 kV. All TEM grids were plasma treated for 10 s prior to use. 5 μL of the capsule dispersion was placed onto a carbon-coated Formvar film mounted on 300-mesh copper grids (ProSciTech, Australia) for 5 min and the grids were blotted dry using filter paper. WGA for 7 min. The media was exchanged to CO 2 -independent media and cells were then imaged using deconvolution microscopy. AR3 capsules were internalized after 8 min of engagement with the membrane, while AR1(585) capsules were internalized within 2 min after contact with the cell membrane. The grids are 10 µm × 10 µm. 
